Measurements of microbial heterotrophic potential, using the methods of Parsons and Strickland (21) as modified by Wright and Hobbie (26), have found wide acceptance among microbial ecologists. The parameters generated from these measurements (Vmax, K, + S, and T,) provide information that can be used to compare the responses of a system to temporal changes as well as changes in parameters such as temperature, organic inputs, pH, etc. However, assays of heterotrophic potential do not provide direct estimates of the flux of specific organics through the biota. Specific flux rates are often more desirable for comparative purposes than potential rates and are required for estimates of mass flow. To estimate specific rates of mass flow, two parameters are necessary: (i) the concentration of the substrate of interest and (ii) the extracellular turnover time (T,) 
The uptake of glucose and the formation of end products from Measurements of microbial heterotrophic potential, using the methods of Parsons and Strickland (21) as modified by Wright and Hobbie (26) , have found wide acceptance among microbial ecologists. The parameters generated from these measurements (Vmax, K, + S, and T,) provide information that can be used to compare the responses of a system to temporal changes as well as changes in parameters such as temperature, organic inputs, pH, etc. However, assays of heterotrophic potential do not provide direct estimates of the flux of specific organics through the biota. Specific flux rates are often more desirable for comparative purposes than potential rates and are required for estimates of mass flow. To estimate specific rates of mass flow, two parameters are necessary: (i) the concentration of the substrate of interest and (ii) the extracellular turnover time (T,) of the substrate of interest. Whereas there are numerous reports in which one or the other of the above parameters have been measured, relatively few reports exist in which both parameters have been measured simultaneously (2, 9, 17, 23) .
We report here results from a study of glucose metabolism in eutrophic lake sediments, using [3H] (15, 16, 18, 19, 22) . Samples were stored at ambient sediment temperature and processed within 24 h of collection. Glucose turnover times were measured with 5-cm3 aliquots of sediment contained in 10-ml Vacutainers with an O2-free headspace of 100%o N2. Deionized water (0.5 ml) containing 2 gCi of [6-3H] glucose (14 Ci/ mmol; New England Nuclear) per ml was injected into each Vacutainer by needle and syringe. The sediment mixtures were incubated at ambient field temperatures for intervals of up to 10 min. At appropriate times 1 ml of a 10% solution of glutaraldehyde was injected into each of triplicate samples to terminate glucose uptake.
Triplicate samples injected with glutaraldehyde at To served as controls. After addition of glutaraldehyde, the Vacutainers were centrifuged at high speed in an IEC clinical centrifuge. A 1-ml portion of the supernatant was subsampled and evaporated to dryness at -50°C to remove 3H-labeled water. The residue was reconstituted in 2 ml of deionized water; 1 ml of this solution was washed through a column containing Dowex AG1 anion-exchange resin (Cl form) to separate unreacted glucose from anionic (or acidic) end products of glucose catabolism. Controls indicated that radiolabeled glucose could be quantitatively separated from anionic fermentation end products and recovered with a 10-ml rinse. Fermentation end products were recovered quantitatively from the anionexchange column by elution with 10 Depth profiles of glucose concentration in sediments of the profundal and littoral zones were measured by using a flurometric technique with a detection limit of 10 ,uM (12) . Interstial water for the glucose assays was collected with dialysis samplers (19) . All reagents and enzymes used for the glucose assays were obtained from Sigma Chemical Co. All glassware used for the assays was fired at 550°C for at least 3 h before use. Solutions of reagents and enzymes were made with water from a Millipore "Q" water system (Millipore Corp.) to minimize blank fluorescence. Interference from other sugars was minimal, as determined by the method of Hanson and Snyder (10) for selected samples.
RESULTS
Typical curves of [6-3H] glucose uptake during a 10-min incubation ( Fig. 1 5 ) and rates of glucose uptake (Fig. 6 ) near the end of summer stratification differed for littoral and profundal sediments. Glucose concentrations ranged between 96 and 339 nmol/liter in profundal sediments and between 316 and 858 nmol/liter in littoral sediments. Coefficients of variation for each depth (n = 3) were usually <10% at both sites. Rates of glucose uptake paralleled trends in glucose concentration (Fig. 6) , with rates of uptake highest in surface sediments and decreasing with depth. Rates of uptake were greater in littoral than in profundal sediments. Coefficients of variation were <23% (n = 6 for each depth) and typically <15%. No significant differences were found for samples processed in Vacutainers or with a direct-injection in situ technique in 5-ml syringes (Fig. 6) Time course analyses of [6-3H] glucose uptake ( Fig. 1) provided a relatively quick, simple method for determining glucose turnover times in profundal and littoral surface sediments of Wintergreen Lake. In the studies reported here, [6- 3H]glucose was added to the sediments at tracer levels (added glucose, -<3% of natural glucose concentrations), thus satisfying the requirements for determining turnover time by the tracer approach (27) . However, turnover times in Wintergreen Lake sediments could not be calculated from the linear transformation suggested by Wright and Burnison (27) . An exponential data transformation, as described by Fleischer (7), is more appropriate (see Fig. 1 ) and provides a more accurate estimate of T,. Calculations based on a linear transformation can significantly overestimate T,, with the magnitude of the error depending in direct propor- (7) and Meyer-Reil (17) indicate (but do not report) very rapid T, (<10 min) for surface lake and sandy beach sediments, respectively. Others (1, 4, 11, 23) have measured T, from minutes to >20 h for uptake experiments with a variety of sediments incubated under a variety of conditions. Because of the great variety of sampling techniques and incubation conditions (temperature, sediment dilution, anoxia, etc.) used in the reported studies, meaningful comparisons among systems may be limited.
Data for glucose turnover based on tracer studies (7) An even greater disparity between sediment and water column T, has been reported by Wood and Chua (25) . The measured differences between sediment and water column are undoubtedly due to the greater microbial biomass associated with sediment. Although tritiated substrates are useful for determining in situ turnover times of compounds at low concentrations, studies with tritiated substrates provide relatively little information about intermediary metabolism. In this study, details of glucose metabolism are illustrated with data from additions of [U-14C]glucose (Fig. 3) . As used in this study [14C] glucose would have increased ambient glucose concentrations. However, the rapid turnover of glucose would have resulted in a total mass flux in excess of the added substrate, thus minimizing any effects of temporarily increased pool sizes.
Time course analyses of [U-14C]glucose up-
take and 14C-end product formation indicate that the kinetics of glucose uptake differ substantially from the kinetics of end product formation. Although there is no lag in 14C-end product formation, the formation of 14CO2 and "C-VFA is much slower than [U-14C]glucose uptake. The differences between uptake and end product formation are readily apparent from a comparison of the rate constants for each process. The rate constant for glucose uptake is determined from equation 1 The disparity between [U-_4C]glucose uptake and 14C-end product formation illustrates an aspect of kinetic experiments that is often ignored in ecological studies. If a reaction sequence contains one or more intermediates, mass flow through the sequence cannot be estimated by simply determining the specific activity of the initial reactant(s) and then measuring accumulation of label in the final product(s). Instead, the specific activity of the immediate precursor(s) of the final product(s) must be determined. Mass duction from glucose in Wintergreen Lake surface sediments cannot be determined from rates of 14CO2 production since the specific activity of intracellular glucose or any of the immediate precursors of CO2 from glucose is not known.
The use of 14CO2 production rates to calculate total CO2 production from glucose results in estimates -4% of that expected from the observed glucose uptake (as moles of carbon) assuming fermentation of glucose to acetate and CO2. Such low CO2 production rates are clearly unreasonable in view of the low incorporation of glucose into biomass in Wintergreen Lake surface sediments.
The data presented here are consistent with data for adenine uptake and incorporation into RNA in water column samples (14) . Karl et al. (14) state that RNA synthesis cannot be measured by adding [3H]adenine to exogenous pools and then determining the activity of 3H in RNA because it is ATP and not adenine that is incorporated into RNA. They (14) point out that the specific activity of ATP must be measured to calculate rates of RNA synthesis. The similarity between patterns of labeled glucose distribution in Wintergreen Lake sediments and labeled adenine uptake for incorporation in water column samples emphasize the general need for specifying precursor-product relationships in ecological studies of kinetics. Precursor-product relationships become especially important when examining reactions involving multiple intermediates and branched pathways.
An interesting consequence of unknown or unspecified precursor-product relationships concerns the calculation of percent mineralization or percent respiration indices. These indices are typically calculated from the fraction of the added label recovered as CO2. In the case of glucose metabolism in sediments, percent mineralization is usually <20% for incubation periods up to 1 to 2 h (4, 9, 17, 23, 25), although Novitsky and Kepkay (20) have reported somewhat higher values for a 1:100 dilution of sediment in seawater. The low values may be accurate but they may also be the result of isotopic dilution as described above. The extent of mineralization calculated from 14CO2 production in this study ranges from 18% at 10 min to 29% at 60 min and finally 67% at the termination of the experiment (34 h). The changes within the first hour of incubation are probably due to isotopic dilution, whereas the increase after 1 h is due to mineralization of fermentation end products. Clearly, the use of any one time point <1 h to calculate mineralization could provide rather misleading results. Since percent mineralization is usually reported for only one short-term time point, it is difficult to compare results from Wintergreen Lake sediments with other studies.
It is apparent, however, that previous reports of percent mineralization of glucose in sediments should be reevaluated with respect to effects of isotopic dilution.
Although mineralization indices can be calculated for sediment systems given appropriate incubation periods or corrections for isotopic dilution, such indices may not be a useful indicator of catabolism. Since anaerobic processes often play a significant role in the metabolism of lake sediments, the formation of fermentation end products must be measured to assess the extent of catabolism. In Wintergreen Lake sediments, where fermentation dominates anaerobic carbon flow (15, 16, 19) , the production of organic acids represents a major fate for glucose carbon (Fig. 4) (4) and Novitsky and Kepkay (20) , most reports of glucose mineralization in sediments have assumed that fermentation end products are unimportant (9, 17, 23) . This assumption is tenuous since it is known that reduced microenvironments can exist in otherwise oxidizing sediments (13) . Without actually measuring radiolabeled fermentation end products, one cannot categorically dismiss their significance or draw conclusions such as those of Toerien and Cavari (23) regarding the effects of oxygen availability.
In the experiments reported here for profundal surface sediments, 4C-VFA account for a major fraction of the end products of glucose catabolism after 1 h of incubation. The total activity of 14C-VFA at 1 h represents primarily the fermentation of glucose. Catabolism of fermentation end products is thought to be minimal at this time since only trace amounts of 14CH4 are observed (Fig. 3) . The appearance of 14CH4 is an indicator of the point at which [14C]acetate is beginning to be fermented and is also assumed to indicate the onset of the acetogenic fermentation of 14C-VFA other than acetate. The distribution of 14C among the various fermentation end products at 1 h (Table 2) suggests that glucose fermentation in undisturbed sediments was dominated by acetate and CO2 production, in agreement with Lovely and Klug (16) . Differences in the relative importance of lactate and propionate production from glucose (this study) and from the bulk organic matter catabolized in the sediment (16) Patterns of 14C-VFA production in the presence of 100% H2 differed from patterns found with 100% N2 (Table 2 ). In general, acetate decreased in importance and lactate increased. The changes in VFA patterns were undoubtedly responsible for the decreased production of 14Co2 in the presence of H2 (Fig. 3) . Decreased 14Co2 production was probably not due to any effects of H2 on [U-14C]glucose uptake since the uptake of added label was similar in both H2 and N2 treatments. The phenomenon of isotopic dilution as discussed earlier was also evident in samples incubated with 100% H2: incorporation of glucose into biomass was relatively low as indicated by the recovery of 81% of the added 14C as 14Co2, 14CH4, and 14C-VFA at the termination of the experiment, and rates of CO2 production based on A4C02 were much less than rates of glucose uptake.
The distribution of 14C-VFA in the presence of 100% H2 is consistent with previous studies of the effect of H2 on fermentation pathways (5, 24) . High partial pressures of H2 are known to inhibit regeneration of NADH by hydrogenase and thus increase formation of reduced end products from pyruvate. It is interesting to note that, in spite of altering fermentation pathways (and presumably ATP yields), 100% H2 had no negative effect on [U-14C]glucose uptake in profundal surface sediments. The lack of any effect suggests that rates of glucose uptake may be independent of fermentation pathways.
The concentrations of dissolved glucose measured in Wintergreen Lake sediments, 96 to 858 nmol/liter, are within ranges observed by others (17, 25) . The higher concentrations measured in littoral sediments are probably due to the influence of rooted vegetation. In addition, glucose concentrations in littoral sediments may have been elevated somewhat during the sampling period as a result of the die-off of a large bloom of a green filamentous algae (Rhizoclonium spp.) which settled onto the sediment surface before sampling.
Rates of glucose uptake in the sediment parallel glucose concentrations. The highest rates of uptake are found in the littoral zone, and rates decrease with depth over the 0-to 18-cm interval in both littoral and profundal zones. The decreasing rates of glucose uptake with increasing depth in the sediment are qualitatively similar to the patterns observed for sulfate reduction (15, 22) , methanogenesis, and acetate turnover (16 (Fig. 6) . The agreement between techniques indicates that the uptake rates are probably reasonably accurate estimates. Others (9, 17) have observed, though, that significant changes in glucose turnover time or mass flux occur as a result of physical disturbance. Results from these studies may differ from the findings of this study since other studies involved significant dilution of sediment whereas Wintergreen Lake sediments were diluted slightly.
Rates of glucose uptake have been used to estimate the significance of glucose to methanogenesis in profundal sediments. In Wintergreen Lake, carbon flow is primarily through fermentation and methanogenesis (16, 19, 22) ; mass balance budgets indicate that -40% of the organic input to the sediment is recovered as methane and 60% is recovered as CO2 (18 (16) . Estimated rates of methane production from glucose catabolism are 32.3 mmol of C/M2 per day. Total methane production for the time period in which glucose uptake was measured is calculated from rates of dissolved and gaseous methane flux (18) . Of this total, 89.3 mmol of C/M2 per day, glucose catabolism accounts for approximately 36% (19) .
Based on the errors in both the estimate of glucose uptake rates and methane production (<20%), the fraction of total methane production accounted for by glucose catabolism ranges between about 30 and 40%. A similar fraction of total methane production from glucose catabolism is calculated from direct estimates of methane production in the 0-to 2-cm interval of the profundal sediments (16) and glucose uptake rates for the same interval (this study).
The fraction of carbon metabolism accounted for by glucose in this study cannot be compared with other systems since similar data are not readily available. It is also difficult to evaluate the significance of the observations for Wintergreen Lake sediments since carbohydrates ac-counted for only 12% of the organic inputs to the sediment (18) . That glucose should contribute more than 12% of total carbon metabolism seems to require that proteins, lipids, nucleic acids, etc., are degraded to a lesser extent than carbohydrates. Alternatively, glucose may be dissimilated to a greater extent than other forms of organic matter. A more detailed study of organic matter metabolism will be needed to test the observations made here.
In summary, very rapid turnover times (T, -1 min) for dissolved glucose in littoral and profundal surface sediments of Wintergreen Lake have been measured with [6_3H]glucose. Uptake of [6-3H] glucose provides a rapid, reliable method for determining T, without altering natural substrate concentrations. Time course analyses of [U-14C]glucose uptake and 14C-end product formation indicate that isotopic dilution of added label by intracellular pools of glucose and glucose metabolites can result in significant errors in interpretation of the extent of glucose metabolism or calculation of mass flow from rates of labeled product formation. Rates of mass flow are best calculated from uptake data from tracer studies and product formation data from longterm incubations. Studies with Wintergreen Lake sediments also indicate that the formation of VFA must be considered to accurately assess glucose catabolism. In Wintergreen Lake profundal sediments, acetate is the major VFA formed, with propionate and lactate accounting for -21 and 12% of VFA production, respectively. Addition of H2 to sediments alters patterns of VFA formation but does not appear to affect uptake of added glucose. Concentrations of glucose in sediments and rates of glucose uptake before destratification of the water column are higher in littoral than in profundal sediments and decrease with depth at both sites. In the profundal zone, rates of glucose catabolism are estimated to account for 36% of total methane formation.
